Prostaglandin E 2 EP3 receptor is the only prostaglandin E 2 receptor that couples to multiple G-proteins, but its role in thrombin-induced brain injury is unclear. In the present study, we exposed mouse hippocampal slice cultures to thrombin in vitro and injected mice with intrastriatal thrombin in vivo to investigate the role of EP3 receptor in thrombin-induced brain injury and explore its underlying cellular and molecular mechanisms. In vitro, EP3 receptor inhibition reduced thrombin-induced hippocampal CA1 cell death. In vivo, EP3 receptor was expressed in astrocytes and microglia in the perilesional region. EP3 receptor inhibition reduced lesion volume, neurologic deficit, cell death, matrix metalloproteinase-9 activity, neutrophil infiltration, and the number of CD68 þ microglia, but increased the number of Ym-1 þ M2 microglia. RhoA-Rho kinase levels were increased after thrombin injection and were decreased by EP3 receptor inhibition. In mice that received an intrastriatal injection of autologous arterial blood, inhibition of thrombin activity with hirudin decreased RhoA expression compared with that in vehicle-treated mice. However, EP3 receptor activation reversed this effect of hirudin. These findings show that prostaglandin E 2 EP3 receptor contributes to thrombin-induced brain damage via Rho-Rho kinase-mediated cytotoxicity and proinflammatory responses.
Introduction
Prostaglandin E 2 (PGE 2 ) has been implicated in inflammation and secondary injury after brain insults, including intracerebral hemorrhage (ICH), 1 which accounts for 15% of all strokes. After an injurious event, PGE 2 is released largely in the perilesional region of the brain because of the increased expression of cyclooxygenase-2 and PGE 2 synthases.
2 PGE 2 acts through its four receptor subtypes known as EP1R-EP4R. 2, 3 For many years, investigators have been researching ways to either reduce PGE 2 production or regulate the four receptors to minimize progressive brain damage. [4] [5] [6] PGE 2 receptor EP3 (EP3R) is expressed mainly by neurons and activated glial cells in brain 7, 8 and is associated with neuronal death. 8, 9 Of the four G-proteincoupled PGE 2 receptors, EP3R is unique in its ability to bind to multiple G-proteins based on different spliced carboxy-terminal tail isoforms. 10 Although it signals primarily via Gi/Gs, EP3R can also be linked to the G 12/13 protein, resulting in activation of the small G-protein Rho. 11 The Rho-Rho kinase (ROCK) pathway is thought to contribute to cell migration, distribution, and inflammation. [12] [13] [14] Preclinical data regarding the effect of EP3R deletion on ischemic stroke outcomes are limited and conflicting and lack mechanistic insight. 8, 15, 16 To our knowledge, no one has explored the molecular target of EP3R in inflammatory responses after ICH, which has a different pathogenesis from that of ischemic stroke.
Intrastriatal injections of thrombin and autologous arterial blood
C57BL/6 mice were injected in the left striatum with 10 U of thrombin (T6634, Sigma, St. Louis, MO) dissolved in sterile saline (10 U/2 mL per mouse) or 30 mL of autologous arterial blood without any anticoagulant, as previously reported. 22, 23 These animal models are commonly used to study thrombin and blood toxicity. 24, 25 
Experimental design
Three main experiments were conducted. All mice were randomly allocated into separate study groups by using the randomizer form at http://www.randomizer.org. Investigators blinded to the treatment groups evaluated outcomes in all mice and performed calculations and analysis. EP3R agonist ONO-AE3-248 (AE248, Ki values: 7.5 nM for the EP 3 receptor and more than 3 mM for the other receptors; EC50, 5 nM) and antagonist ONO-AE3-240 (AE240, Ki values: 590, 0.23, and 58 nM for the EP1, EP3, and EP4 receptors, and >10 mM for the EP2 receptor; mouse EP3/EP1 selectivity ratio ¼ 2500; IC50, 5 nM) were kind gifts from ONO Pharmaceuticals (Osaka, Japan). The selectivity of AE240 and AE248 for EP3R has been established. 4, 8, 26 Thrombin inhibitor hirudin (H7016, Sigma) and ROCK2 inhibitor HA1077 (H-2330, LC Laboratories, Woburn, MA) were used as indicated in the schematic outline of the different experimental groups (Supplemental Figure 1) . Experiment 1. EP3R antagonist AE240 was administered by intraperitoneal injection at 20 min and 6 h after striatal thrombin injection and then twice daily for up to 72 h. EP3R agonist AE248 was administered by tail vein injection at 20 min after thrombin injection and then once daily for up to 72 h. We chose dosing regimens for AE240 and AE248 based on previous work in an ischemic stroke model 8, 11 and our pilot studies. Both AE240 (3 mg/kg) and AE248 (0.3 mg/kg) were dissolved in DMSO, stored at a concentration of 0.2 M, and diluted with sterilized saline immediately before use; the final DMSO concentration was less than 0.5% for in vivo injections. Endpoint assessment included histology, Western blotting, zymography, behavior tests, and brain edema measurement. Experiment 2. At 20 min after thrombin injection, ROCK2 inhibitor HA1077 (10 mg/kg, dissolved in sterile saline) 27 was injected intraperitoneally and AE248 (0.3 mg/kg) was administered by tail vein injection. Tissue was collected for Western blotting at 4 h. Experiment 3. Thrombin was injected into the left striatum. Thrombin inhibitor hirudin (5 U) was co-injected with 30 mL of autologous arterial blood into the left striatum.
28-30 AE248 (0.3 mg/kg) was administered by tail vein injection at 20 min after blood injection. Tissue was collected for Western blotting at 4 h.
Tissue preparation and histology
The mice were anesthetized and perfused with 4% paraformaldehyde. Brains were dissected, post-fixed overnight at 4 C, and then transferred to 30% sucrose. Brains were cut into 14-mm coronal cryosections for staining with Luxol Fast Blue/Cresyl violet, propidium iodide (PI, nonviable cells), Fluoro-Jade B (FJB, degenerating neurons; Millipore, Billerica, MA), or TUNEL (DNA fragmentation; Roche, Indianapolis, IN) or for use in immunohistochemistry, as previously described. 23 The primary antibodies used were antiNeuN (1:200, Millipore), anti-glial fibrillary acidic protein (GFAP, astrocyte marker, 1:500, Sigma), anti-Iba1 (1:500, Wako Chemicals, Richmond, VA), anti-myeloperoxidase (MPO, neutrophil marker, 1:200, DAKO, Carpinteria, CA), anti-CD8a (1:100, AbD Serotec, Raleigh, NC), anti-CD11b (1:500, AbD Serotec), antiYm-1 (1:500, Stem Cell Technologies, Vancouver, Canada), anti-CD68 (1:200, AbD Serotec), anti-EP3R (1:200, Cayman Chemical, Ann Arbor, MI), and antiRhoA (1:500, Cell Signaling Technology, Danvers, MA). All fluorescent-conjugated secondary antibodies (Life Technologies, Grand Island, NY) were used at a dilution of 1:1000. Nuclei were labeled with DAPI (1:1000, Life Technologies). Control sections were processed without primary antibodies. The specificity of the anti-EP3R antibody was confirmed by incubation of the antibody with EP3R blocking peptide (Cayman Chemical). Images were collected with a fluorescence microscope (Eclipse 90i, Nikon, Japan) at constant parameters (section position, image fields, gain, offset, exposure time) for fair comparisons among groups. Image J software (NIH, Image J 1.47t) was used for analyzing images from the region of interest. The average fluorescence intensity was expressed as percent intensity increase in the peri-injury area with respect to the contralateral side of the same section. Any positive signal not accompanied with DAPI staining was rejected as a false signal during cell counting.
Quantification of lesion volume
For quantification of thrombin-induced lesion volume, we stained a group of cryosections with Luxol Fast Blue and Cresyl violet. Areas in individual sections were measured by Image J software. The total lesion volume was calculated as the sum of the total lesion area multiplied by the distance between the sections (140 mm).
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Neurologic function
We used a 24-point scoring test, rota-rod test, corner turn test, and wire-hanging test to assess neurologic deficits, as previously reported. 22, 32, 33 Brain water content The brain water content was measured as previously reported. 23 
Organotypic hippocampal slice culture
Organotypic hippocampal slices were cultured as described previously. 11, 34, 35 Brains were rapidly removed from 5-to 7-day-old C57BL/6 mice or Cx3cr1 GFP/þ mice and cut coronally into 350-mm thick slices with a McIlwain tissue chopper (Ted Pella, Redding, CA). Hippocampal slices were placed on a 30-mm Millicell-CM insert membrane (Millipore) in six-well culture plates and cultured with 1 mL of culture medium consisting of 50% Minimal Essential Medium, 25% horse serum, and 25% Hanks' Balanced Salt Solution, supplemented with 6.5 mg/ mL D-glucose, 2 mM L-glutamine, 100 U/mL penicillin G potassium, and 100 mg/mL streptomycin sulfate (all from Life Technologies). Slices were cultured at 37 C in a humidified incubator with 5% CO 2 atmosphere.
At 12-14 days in vitro, cultured slices were incubated for 48 h in serum-free medium before being exposed to 300 U/mL thrombin (T4648, Sigma) with AE240 or AE248 for 24, 48, or 72 h. AE240 and AE248, stored in DMSO, were dissolved in culture medium immediately before use and had a final DMSO concentration of <0.1%. PI (5 mg/mL) was added for cell death assessment. The PI fluorescence intensity before thrombin treatment was recorded as P0. At 72 h after thrombin exposure, slices were exposed to 100 mM N-methyl-D-aspartate (NMDA) to induce maximal cell death, which was recorded as Pmax. PI fluorescence was observed with an inverted fluorescence microscope (TE2000-E, Nikon, Japan). 
Western blotting
Proteins from the ipsilateral striatum (2 mm sagittal distance from the bregma [1.2 mm to -0.8 mm]) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes by electroblotting. Membranes were incubated with rabbit anti-cleaved caspase-3, anti-caspase-3, anti-RhoA, anti-ROCK2, antiphosphorylated-MYPT1 (p-MYPT1), and anti-total-MYPT1 (t-MYPT1) antibodies (1:1000; all from Cell Signaling Technology) or anti-RhoB (1:1000, Sigma), anti-ZO-1, and mouse anti-claudin-5 (1:1000, Life Technologies).
-actin (1:3000, Santa Cruz Biotechnology, Dallas, TX) was used as a loading control. Bound antibodies were visualized by using a chemiluminescence detection system (LAS-4000, GE Healthcare, Piscataway, NJ). Images were analyzed by Image J.
Gelatin gel zymography
At 24 h after thrombin-induced ICH, protein samples obtained as described above were purified with gelatinsepharose 4B (GE Healthcare) and separated on a 10% Tris-glycine gel with 0.1% gelatin. After 36-h incubation with developing buffer, the gel was stained with 0.5% Coomassie blue and then photographed (LAS-4000, GE Healthcare). Gelatinase standard was mixed with mouse pro-matrix metalloproteinase (MMP)-9 and pro-MMP-2 (R&D systems, Minneapolis, MN). MMP-9/2 activity was measured by optical density and quantified as fold increase over that of sham controls. 36 
Statistical analysis
All data are presented as means AE SD. Student's t test was used to compare differences between two groups, and one-way or two-way analysis of variance (ANOVA) with Bonferroni post hoc test was used to compare differences between multiple groups. A probability value of p < 0.05 was considered statistically significant.
Results
EP3R is expressed in neurons in intact brain and induced in astrocytes and microglia after thrombin injection into the striatum
To clarify the cell type that expresses EP3R after thrombin injection, we performed double-immunolabeling with cell-type-specific antibodies. In intact brain, EP3R was present exclusively in NeuN þ cells. After thrombin injection, EP3R expression in neurons appeared scattered in the ipsilateral striatum (Supplemental Figure 2a) . Moreover, glia-like, not vascular-like, EP3R þ cells were observed around the lesion at 72 h after thrombin injection. Double-labeling revealed that they were GFAP þ astrocytes (Supplemental Figure 2b) and CD11b þ microglia (n ¼ 6; Supplemental Figure 2c ).
EP3R inhibition mitigates thrombin-induced brain injury, brain edema, and neurobehavioral deficits Figure 1c ). Neurologic deficit scores were also lower in the AE240-treated group than in the vehicle-treated group at 72 h after thrombin injection (6.7 AE 0.8 vs. 8.8 AE 1.1, n ¼ 13-24, p ¼ 0.01; Figure 1d ). Moreover, 5 mg/kg AE240 treatment did not provide any additional improvement on this test over the 3-mg/kg dose (6.4 AE 0.5 vs. 6.7 AE 0.8, n ¼ 8, p ¼ 0.32; Supplemental Figure 3b ). In the wirehanging test, the latency to fall was shorter in all thrombin-injected groups than in the sham-operated group (n ¼ 11-16, p < 0.05 vs. sham, two-way ANOVA; Figure 1e ); AE240-treated mice tended to have a longer falling latency than mice in the vehicle-treated group, but the difference was not statistically significant (n ¼ 11-16, p ¼ 0.34 at 24 h, p ¼ 0.14 at 72 h; Figure 1e ). Because the reduction in lesion volume and neurologic deficits at 5 mg/kg did not differ from that at 3 mg/kg, we used 3 mg/kg of AE240 in subsequent studies.
Considering the potential role of EP3R in controlling core temperature, 37 we recorded the rectal temperature before and after thrombin injection and 3 mg/kg AE240 injections. We detected no significant difference between the vehicle-and AE240-treated groups at any time point (n ¼ 6, p ¼ 0.96; Supplemental Figure 4 ).
EP3R inhibition improves neuronal survival in organotypic hippocampal slices
To assess whether EP3R inhibition provides neuroprotection against thrombin-induced injury, we first established an organotypic hippocampal slice culture assay to measure neuronal survival via PI labeling. A doseresponse experiment revealed that 300 U/mL of thrombin was optimal to induce neuronal injury in the CA1 area. The injury became apparent at 48 h and continued to worsen until at least 72 h (n ¼ 8-13, p ¼ 0.04 at 48 h, p ¼ 0.01 at 72 h vs. sham; Figure 2a ). To assess the effect of sex on thrombin-induced toxicity, we examined PI uptake after thrombin exposure in hippocampal slices from age-matched male and female pups (5-to 7-day-old C57BL/6 mice). PI uptake did not differ between the slices from male and female pups (n ¼ 8-10, p ¼ 0.14 at 48 h, p ¼ 0.10 at 72 h; Supplemental Figure 5a ).
Simultaneous exposure of slices to thrombin and 3 mM or 5 mM AE240 reduced thrombin-induced CA1 cell death at 48 and 72 h (n ¼ 8-23, p < 0.05 vs. thrombin þ vehicle; one-way ANOVA; Figure 2b ). Compared to PI uptake in the thrombin-exposed, vehicle-treated group, PI uptake in thrombin-exposed slices treated To further clarify thrombin-induced cell death in hippocampal slice cultures, we used DR2313 (5 mM) to inhibit poly ADP-ribose polymerase (PARP), a EP3R antagonist AE240 reduced and agonist AE248 increased lesion volume at 72 h after thrombin injection (n ¼ 8, *p < 0.05, **p < 0.01 vs. thrombin þ vehicle; one-way ANOVA with Bonferroni post hoc test at each time point). (b) AE240 reduced striatal edema at 72 h after thrombin injection (n ¼ 5, *p < 0.05 vs. thrombin þ vehicle; t-test). Con-ctx: contralateral cortex; ips-ctx: ipsilateral cortex; con-stri: contralateral striatum; ips-stri: ipsilateral striatum; cerebel: cerebellum. (c) AE240 improved corner turn test performance of mice at 72 h after thrombin injection (n ¼ 10, **p < 0.01 vs. sham; # p < 0.05 vs. thrombin þ vehicle; one-way ANOVA with Bonferroni post hoc test at each time point). (d) AE240 decreased neurologic deficit score at 72 h after thrombin injection (n ¼ 13-24, *p < 0.05, t-test at each time point). (e) Mice subjected to thrombin injection exhibited reduced latency to fall in the wirehanging test at 24 and 72 h after thrombin injection; AE240-treated mice tended to have a longer falling latency than mice in the vehicle-treated group, but the difference was not statistically significant (n ¼ 11-16, *p < 0.05, **p < 0.01 vs. sham; two-way ANOVA with Bonferroni test). Values are presented as mean AE SD.
protein associated with cell death. 38 However, it did not provide any neuronal protection as assessed by PI labeling (n ¼ 17, p ¼ 0.173, Supplemental Figure 5b ). Thus, it seems unlikely that PARP contributes to cell death in this thrombin-induced ex vivo model.
Next we assessed activated microglia in hippocampal slice cultures from Cx3cr1 GFP/þ mice, which have GFPlabeled microglia. After 72 h of incubation with 300 U/ mL thrombin, the cell soma of microglia in hippocampal slices was substantially expanded (Figure 2e ). Microglial cell body perimeter and cell area were increased at 72 h compared to those in sham controls (21.9 AE 3.0 mm vs. 12.4 AE 1.7 mm and 31.34 AE 7.1 mm 2 vs. 11.71 AE 3.17 mm 2 , respectively, n ¼ 30, p < 0.001, Figure 2f ). Treatment with AE240 reduced the expansion of the cell soma of microglia compared to that in the vehicle-treated group (n ¼ 30, p ¼ 0.02 and p ¼ 0.015, respectively, at 72 h; Figure 2f ). The density of Cx3cr1-GFP þ microglia was decreased (19.1 AE 3.4%) in slices after 72 h of thrombin exposure (n ¼ 17, p ¼ 0.002, Figure 2f) ; however, the AE240 treatment did not significantly reverse this change (n ¼ 17, p ¼ 1.0, Figure 2f ). Of note, 300 U/mL thrombin caused a delayed shrinkage of the slices. Hippocampal area was decreased after 72 h of thrombin exposure (62.0 AE 15.5% vs. 96.2 AE 13.5%, n ¼ 8, p ¼ 0.008). The hippocampal shrinkage was likely caused by cell shrinkage and/or death, as no shrinkage was apparent in the sham group. Contrary to our expectations, EP3R inhibition did not significantly reverse this effect (n ¼ 8, p ¼ 0.78; Supplemental Figure 6 ). Figure 3a and b). EP3R inhibition significantly reduced PI þ cells at 24 and 72 h after thrombin injection (n ¼ 8, p ¼ 0.03) but had no effect on TUNEL Figure 3c ; related images are shown in Supplemental Figure 7 ). These data support our PI results in slice culture. Next, we used Western blotting to assess the possible involvement of cleaved caspase-3. Cleaved caspase-3 expression was elevated at 24 and 72 h after thrombin injection (n ¼ 6, p ¼ 0.001 at 24 h, p ¼ 0.02 at 72 h vs. sham), but we observed no difference between vehicle-and AE240-treated groups (n ¼ 6, p ¼ 0.42 at 24 h, p ¼ 0.70 at 72 h; Figure 3d and e).
EP3R inhibition reduces thrombin-induced
cell death in vivo Based on the slice culture results in vitro, we next studied whether EP3R inhibition preserves cell viability after thrombin injection in vivo. In the perilesional region, PI þ cells were apparent at 2 h, and FJB þ cells were all elevated at 24 h after thrombin injection (n ¼ 8, p ¼ 0.01; one-way ANOVA;þ (n ¼ 8, p ¼ 0.46) or FJB þ cell number (n ¼ 8, p ¼ 0.33;
EP3R inhibition reduces microglial activation and neutrophil infiltration and increases M2 microglia number
To evaluate the impact of EP3R antagonism on the inflammatory reaction after thrombin injection, we first quantified activated microglia by immunostaining the perilesional region for CD68 (activated microglia) and Iba1 (quiescent and activated microglia). We observed an accumulation of CD68 þ microglia in the perilesional region at 72 h after thrombin injection. Whereas the resting microglia had long, ramified processes, the CD68
þ cells around the injury center exhibited transformation from ramified toward amoeboid morphology (n ¼ 8; Figure 4a ). AE240 caused reductions in the number of CD68 þ microglia (n ¼ 8, p ¼ 0.002) and Iba1 expression in the perilesional area at 72 h after thrombin injection (n ¼ 8, p ¼ 0.04, t-test; Figure 4b ).
As part of the systemic immune response, neutrophils and lymphocytes infiltrate the hematoma.
1 At 72 h after thrombin injection, the intensity of signal for the neutrophil marker MPO was markedly increased, but AE240 diminished this increase (n ¼ 8, p ¼ 0.03; Figure 4b ). Of note, few CD8 þ cells were detected in either group (n ¼ 8; Figure 4b ). Activated astrocytes exhibited a higher GFAP intensity at 72 h after thrombin injection (175.72 AE 23.6% vs. contralateral striatum) that was not attenuated by AE240 treatment (n ¼ 8, p ¼ 0.29; Figure 4b ). These data indicate that AE240 treatment reduces microglial activation and neutrophil infiltration in the perilesional region.
Recent studies have indicated that microglia can undergo polarized activation to M1 (inflammatory) or M2 (phagocytotic) phenotype, which each releases different cytokines. 39 Therefore, we next evaluated cells positive for Ym-1, an M2 cell marker. Ym-1
þ cells were detected from 24 to 72 h after thrombin injection and comprised ramified and globular microglia around the lesion (Figure 4c ). Because Ym-1 is a secretory protein that binds heparin, we 
EP3R inhibition reduces MMP-9 activity
The inflammatory response after ICH is related to an increase in MMP-9 activity, which contributes to blood-brain barrier disruption and brain edema. 36 We found that pro-MMP-9 activity was reduced at 24 h after AE240 treatment (n ¼ 6, p ¼ 0.006; Figure 5a ). Next we evaluated the expression of tight junction proteins ZO-1 and claudin-5. Compared with expression in the sham group, claudin-5 expression was upregulated as early as 4 h after thrombin injection (n ¼ 6, p ¼ 0.003; Figure 5b ). In contrast, ZO-1 expression was unchanged at 4 h (n ¼ 6, p ¼ 0.26; Figure 5b ) and decreased at 24 h (n ¼ 6, p ¼ 0.002 vs. sham; Figure 5c ). AE240 treatment tended to decrease claudin-5 expression at 4 and 24 h and increase ZO-1 expression at 24 h after thrombin injection, but it did not significantly reverse the changes in claudin-5 (n ¼ 6, p ¼ 0.25) or ZO-1 expression (n ¼ 6, p ¼ 0.39) at either time point (Figure 5b and c) .
The protective effect of EP3R inhibition is achieved through the Rho-ROCK signal pathway
The Rho-ROCK pathway is known to be associated with neurotoxicity. 40 Accordingly, we evaluated the total RhoA expression in brain after thrombin Figure 6a ). Immunohistochemistry from Cx3cr1 GFP/þ mice confirmed that RhoA expression was increased in activated Cx3cr1-GFP þ cells in the perilesional region (n ¼ 8; Figure 6b ). We then tested whether RhoB, another member of the Rho family, was changed as early as RhoA after thrombin injection. RhoB expression was increased after thrombin injection (n ¼ 12, p ¼ 0.03), but neither AE240 nor AE248 changed its expression (n ¼ 12, p ¼ 0.84 and p ¼ 0.91, respectively; Figure 6c ).
We next assessed ROCK2 expression and MYPT1 phosphorylation because these proteins lie downstream of RhoA signaling. Both ROCK2 and p-MYPT1 were increased at 4 h after thrombin injection. EP3R inhibition with AE240 reversed these increases (n ¼ 12, p ¼ 0.002 for ROCK2, p ¼ 0.006 for p-MYPT1; Figure 6d ). Stimulation with AE248 had no significant effect, although we observed a trend toward increased ROCK2 expression (n ¼ 12, p ¼ 0.36 for ROCK2, p ¼ 0.81 for p-MYPT1; Figure 6d ). Finally, we cotreated mice with ROCK inhibitor HA1077 and EP3R agonist AE248. HA1077 reduced p-MYPT1 level at 4 h after thrombin injection (n ¼ 8, p ¼ 0.04), but the addition of AE248 did not reverse this change (n ¼ 8, p ¼ 0.49; Figure 6e ). Together, these data suggest that EP3R-mediated toxicity involves the RhoA-ROCK2-p-MYPT1 pathway.
EP3R activation reverses the thrombin-induced reduction in RhoA expression after blood injection
Thrombin signaling is mediated by the cleavage of protease-activated receptors, which couple to G-proteins to trigger multiple intracellular signaling pathways. 41 To eliminate the effect of thrombin on RhoA expression induced by protease-activated receptor-G-proteins, we used the thrombin inhibitor hirudin to block thrombin activity after blood injection. At 4 h after blood injection, hirudin-treated mice exhibited a decrease in RhoA compared to that in vehicle-treated mice (n ¼ 6, p ¼ 0.003 vs. blood þ vehicle). The addition of AE248 reversed the hirudin-induced decrease in RhoA expression (n ¼ 6, p ¼ 0.04 vs. blood þ hirudin; Figure 7a ). Hirudin also decreased ROCK2 level (n ¼ 6, p ¼ 0.002 vs. blood þ vehicle) but had no effect on p-MYPT1. The addition of AE248 tended to increase ROCK2 expression above that with hirudin alone, but the difference did not reach statistical significance (n ¼ 6, p ¼ 0.27 vs. blood þ hirudin; Figure 7b ). Thus, thrombin inhibition did not completely block EP3R activation-induced increases in RhoA expression. Moreover, when administered separately, hirudin and EP3R antagonist AE240 each decreased ROCK2 expression at 4 h after blood injection; combined treatment with hirudin and AE240 further decreased ROCK2 expression (n ¼ 6, p ¼ 0.04 vs. blood þ hirudin or AE240 alone; Figure 7c ). Together, these data suggest that the activation of the RhoA-ROCK pathway is not entirely thrombin-dependent in the blood model (Figure 7d ).
Discussion
In this study, we utilized both in vivo and in vitro models to address the mechanisms of EP3R involved in thrombin-induced brain injury. We found that after striatal injection of thrombin, EP3R is induced in glial cells, mostly in astrocytes and microglia. Moreover, EP3R inhibition (1) mitigated thrombin-induced brain injury volume, brain edema, and neurologic deficits; (2) reduced thrombin-induced cell death in ex vivo (organotypic slice culture) and in vivo models; (3) reduced cellular inflammatory responses, including microglial activation and neutrophil infiltration; (4) increased the number of M2 microglia; and (5) reduced MMP-9 activity. Finally, we provide novel evidence that EP3R-mediated toxicity involves the RhoA-ROCK2-p-MYPT1 pathway but is not completely thrombindependent in the blood model. Together, these findings indicate that EP3R inhibition is protective, that the RhoA-ROCK2-p-MYPT1 pathway might contribute to EP3R-mediated thrombin-induced brain injury, and that promoting the neuroprotective M2 microglia phenotype and inhibiting the RhoA-ROCK2-p-MYPT1 signaling pathway could be potential therapeutic options for treating ICH.
EP3R is believed to be expressed exclusively in neurons in healthy brain. It has been shown that EP3R protein expression is increased in microglia after ischemic stroke in vivo. 8 After thrombin injection, we found that astrocytes and microglia in the perilesional region of the striatum expressed EP3R, consistent with the appearance of brain injury-induced local astrogliosis and microgliosis. However, EP3R inhibition did not change GFAP immunoreactivity at 72 h after thrombin injection, though the number of activated microglia (CD68 þ cells) was decreased. Our results suggest that EP3R inhibition may affect microglia and astrocytes differently in the early period of thrombin-induced brain injury. Moreover, a prior study 42 showed that 60% of microglia expresses EP3R in striatum at 5 days after quinolinic acid injection and that this percentage increases to 80% at 10 days. In contrast, our results showed EP3R þ /CD11b þ cells in the perilesional area at 72 h after thrombin injection. Additional studies are needed to determine whether expression of EP3R in astrocytes and microglia changes over time and whether EP3R activation by thrombin affects astrocyte, microglial, and neuronal function.
Thrombin is released from hematomas and is a major contributor to acute ICH injury. 43 In our study, thrombin (300 U/mL) induced CA1 neuronal damage in hippocampal slice cultures at 48 h. The damage continued to increase for at least 72 h after thrombin exposure, indicating delayed neuronal death. In contrast, cell death in mouse brain appeared as early as 2 h after thrombin injection. This result indicates that thrombin exposure may cause acute microenvironmental damage to the surrounding brain tissue that initiates and amplifies the toxic signals in vivo. PI labels the cellular DNA in necrotic cells after the cell membrane has been compromised. Although AE240 exposure caused a decrease in PI þ cells after thrombin insult in vitro and in vivo, we observed no evidence of a decrease in TUNEL þ cells, FJB þ cells, or caspase-3 level in the perilesional region. Additionally, the PARP inhibitor DR2313 provided no protection in vitro. These data indicate that EP3R may play a critical role in mitigating cell membrane damage and necrotic-like cell death rather than apoptotic-like cell death in thrombin-induced ICH.
Increasing evidence indicates that inflammatory responses contribute to secondary injury after ICH.
1,44 Therefore, we addressed whether EP3R inhibition reduces inflammation after thrombin-induced injury. In hippocampal slice cultures, morphologic evidence suggested that microglia were activated after thrombin exposure but that cell soma expansion of microglia was decreased by EP3R inhibition. We further assessed whether systemic administration of EP3R inhibitor AE240 affects the inflammatory response after striatal injection of thrombin. AE240 reduced the number of activated CD68
þ microglia. It is known that microglia can differentiate into an M1 (classically activated) or M2 (alternatively activated) phenotype. M2 microglia are considered to be beneficial because they release neuroprotective factors. 39 The increase in M2 microglia, as reflected by an increase in the YM-1 þ marker, suggests that EP3R inhibition with AE240 may promote conversion of microglia to an anti-inflammatory and neuroprotective phenotype that inhibits the proinflammatory reaction. Infiltrating neutrophils release reactive oxygen species and cytokines that augment secondary injury. 1 We found that AE240 treatment also suppressed the invasion of MPO þ neutrophils. Although we have reported previously that pro-MMP-2 and pro-MMP-9 are present in the brain after collagenase-induced ICH, 36 we did not detect pro-MMP-2 activity in brain tissue after thrombin-induced brain injury. These differing results could be related to the different animal models used. Furthermore, EP3R inhibition reduced pro-MMP-9 activity but, surprisingly, did not mitigate the thrombin-induced damage to tight junction proteins. Thus, considering that EP3R was not observed in vascularlike structures, EP3R inhibition may play a bigger role in reducing inflammation than in preserving the microvasculature after thrombin injection. The increased M2 microglial polarization and reduced MMP-9 activity likely contribute to the protection conferred by EP3R inhibition at 72 h after thrombin injection, as we assessed both at 24 h, when the lesion volume did not differ between the vehicle-and AE240-treated groups.
EP3R can couple with small G-proteins, such as Rho, Rac, and CDC42. 11 We focused on the RhoA-ROCK pathway because it affects cell apoptosis, migration, and inflammation.
12 ROCK has two known isoforms; ROCK1 is expressed mostly in non-neuronal tissue, whereas ROCK2 is expressed abundantly in brain. 45 Our data indicate that the RhoA-ROCK pathway is involved in EP3R-mediated thrombin-and bloodinduced brain injury. Expression levels of RhoA, as well as its downstream effector proteins ROCK2 and p-MYPT1, were increased as early as 4 h after thrombin injection. These increases were prevented by EP3R inhibition. Although Jiang et al. 46 found that RhoA was expressed in neurons after ischemic stroke, we found that RhoA was expressed in activated microglia in the perilesional region after thrombin injection. Considering that EP3R is also expressed in microglia, EP3R-RhoA-ROCK signaling may be associated primarily with inflammatory responses after thrombininduced brain injury. Whether RhoA-ROCK signaling regulates the microglial phenotype (M1 and M2) after thrombin injection warrants investigation. Previous ex vivo studies have shown consistently that thrombin causes striatal shrinkage that is thought to be mediated by protease pathways, such as PKC and ERK. 34 We confirmed the thrombin-induced shrinkage of hippocampus in our cultured brain slices. Unexpectedly, EP3R inhibition did not reduce hippocampal shrinkage, possibly because it mitigates necrotic-like but not apoptotic-like cell death.
Thrombin could be a double-edged sword in ICH pathogenesis. On the one hand, thrombin promotes the coagulation cascade; on the other hand, thrombin generated during hematoma formation can directly damage the blood-brain barrier and cause cytotoxicity and tissue damage, partly by acting through proteaseactivated receptors. 30 Indeed, thrombin inhibition has been protective in ICH models. 30 To address the concern that thrombin may directly induce the Rho-ROCK2 pathway by activating its receptors, we used the blood model with hirudin treatment. Hirudin alone reduced RhoA protein level after blood injection, but EP3R agonist administered with hirudin partially blocked this reduction. Thus, thrombin may elicit an increase in RhoA expression through its receptors, but EP3R may also be involved. It is noteworthy that in addition to thrombin, the hematoma releases other blood components such as hemoglobin and its metabolites iron and bilirubin. 17 In vitro and in vivo studies have shown that hemoglobin is able to stimulate PGE 2 production 47, 48 and activate the Rho-ROCK2 pathway. 49 Therefore, hemoglobin might contribute to EP3R activation of the Rho-ROCK2 pathway in the absence of thrombin activity. The fact that hirudin and AE240 have an additive effect on ROCK2 expression further supports the existence of a thrombin-independent Rho-ROCK2 pathway in ICH-induced brain injury. It is also important to note that PGE 2 acts through several receptors (EP1R-EP4R), and we recently reported that EP1R activation also plays a toxic role after ICH through mechanisms that involve the Src kinases and the MMP-9 signaling pathway. 5 Therefore, the synergistic or antagonistic effects of EP3R with other EP receptors need to be determined.
Together, our results provide proof of concept that PGE 2 receptor EP3 contributes to thrombin/bloodinduced brain injury by augmenting necrotic-like cell death and inflammatory responses. These effects may be mediated, at least in part, by the Rho-ROCK2 signaling pathway. Additionally, we found that EP3R inhibition promotes the neuroprotective M2 microglial phenotype and downregulates the Rho-ROCK2-p-MYPT1 signaling pathway. Given the increasing preclinical and clinical evidence that inflammation is a key contributor to ICH-induced secondary brain injury, 50 these findings suggest a potential novel strategy for therapeutic intervention against ICH.
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